The traditional methods of measuring viscosity with rotational viscometers, i.e. cone-plate and concentric cylinder systems, are often not suitable for suspensions. To be able to measure viscosity on suspensions mixer viscometers have been developed. In this study a new design of a helical ribbon impeller has been evaluated and the Metzner-Otto approach has been used to calibrate the impeller. Different kinds of food products were studied. The Metzner-Otto parameter obtained from tomato products was lower than those obtained from starch products. The study showed that the Metzner-Otto parameter varied but seemed rather to be dependent on the composition of the food material than on the flow behaviour index. The impeller could handle high concentration of quite large particles. This type of helical ribbon impeller viscometer is thus recommended for rheological studies of suspensions with high concentration of particles.
INTRODUCTION
The traditional methods of measuring viscosity with rotational viscometers, i.e. cone-plate and concentric cylinder systems, are normally not suitable for suspensions. Food products are quite often highly concentrated suspensions with large undefined particles and hence a viscosity measurement with a standard concentric cylinder or cone-plate measuring device will produce erroneous values. If the particles are removed prior to measurement the resulting viscosity do not represent the product. To be able to measure on real suspensions, different types of mixer viscometers have been developed. Mixer viscometers keep the particles in motion and the viscosity measured will thus represent the product. Various impeller geometries have been studied such as paddle impeller [1] , helical screw impeller [2] and helical ribbon impeller [3 -5] .
The aim of this work was to investigate the practical use of a helical ribbon impeller for viscosity measurements on food suspensions.
The viscosity values will be used in the design of food processing equipment, e.g. heat exchangers, pumps and agitators. Tomato products were of special interest in this study since it has been noticed that the actual performance for these products does not correspond to the values calculated from the viscosity obtained by the standard methods. Also, suspensions with larger particles, which cannot be analysed with standard geometries, were examined. The aim was to determine the highest possible concentration of particles the impeller could handle and what effect the particle concentration had on the viscosity.
THEORY
The relationship between torque and strain as well as between speed and shear rate is dependent on the area of the surface acting on the fluid. For well-defined geometries, such as cone-plate and concentric cylinders systems, these relations can be readily calculated. Mixer viscometers often have a complex geometry and as the constants can not easily be calculated and therefore the impellers need to be calibrated.
Even if the impeller geometries are relatively new in connection with rheology measurements, they have long been used in mixing operations. In 1957 Metzner and Otto presented a method [6] of predicting the power consumption for mixers. The method is based on the assumption that the apparent viscosity of nonNewtonian fluids can be determined from the power number curve for a Newtonian fluid. Furthermore, it is assumed that the fluid motion, in the vicinity of the impeller, can be characterised by an average shear rate. This average shear rate is linearly related to the rotational speed of the impeller (1) Based on the work by Metzner and Otto calibration methods for mixer viscometers have been evaluated [1] and similar methods have been used by others [4, 5, 7] .
However, it has been discussed whether the Metzner-Otto parameter is constant or if it does vary with the flow behaviour index n. In the earliest studies only weakly shear-thinning fluids were considered and the parameter was regarded as constant. According to later studies [1, 3, ] the parameter definitely is dependent upon the flow behaviour index, since lower values of n cause lower values of k'.
EQUIPMENT AND PRODUCTS
All viscosity measurements were carried out with a Physica MC 1 rheometer from Paar-Physica. Both standard geometry, concentric cylinder (d = 25 mm, gap = 1.06 mm) and mixer-type geometry, helical ribbon (HR) impeller in a flat-bottomed cylinder (D HR = 36 mm, pitch = 36 mm, D cylinder = 49 mm) were used. The ratio height of fluid/ height of HR impeller was kept constant and equal to 1.4. The HR impeller is shown in Fig. 1 .
The Newtonian fluids used for calibration were two syrups (Danisco Sugar AB) and calibration oil D1000 (Paragon Scientific Ltd). The non-Newtonian fluids were starch solutions prepared from Prejel VA 70T (AVEBE Stadex) and a number of ordinary food products (for example soups, sauces, tomato pastes, tomato purees,
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Applied Rheology November/December 2002 juice concentrates and vegetable purees) and prepared solutions [8] . For the test with particles a starch solution, 4% Prejel VA70T, and four sizes of particles were used, two different plastic granules, HD-PE and EVOH, and two sizes of calcium alginate particles, D Ca-Alg particle = 2 and 3 mm.
CALIBRATION METHOD
Choplin and Marchal [4] have described the calibration method, which has been used in this study:
a) With Newtonian fluids and the HR impeller the relationship between the power number and Reynolds number in the laminar region was obtained. The constant K p is a form factor dependent upon the impeller-vessel arrangement:
( 2) b) The power number and the Reynolds number were calculated from the torque and rotational speed as:
e) Shear stress versus shear rate was measured with a standard geometry for a power-law fluid. From this a viscosity versus shear rate plot for the non-Newtonian fluid was obtained.
f) For the same non-Newtonian fluid the torque required to rotate the HR impeller at fixed speed was measured and the power number was calculated.
g) Using K p from the relation above the Reynolds number was obtained and the process viscosity was calculated from the definition of the Reynolds number.
h) For each rotational speed of the impeller the process viscosity was calculated which result-
ed in a process viscosity versus rotational speed plot.
i) With the Metzner-Otto approach a shear rate versus rotational speed plot was constructed. This can be done as each process viscosity corresponds to a shear rate in the viscosity versus shear rate curve obtained with the standard geometry. This can be illustrated by shifting the process viscosity versus speed curve to the viscosity versus shear rate curve.
As an alternative to the calibration method described above the k' can be calculated. 
and by combining Eq. 6 and 7 the k' can be calculated as:
The three methods described above gave in the study values of k' very close to each other.
RESULTS AND DISCUSSION
The relationship between the Reynolds number and the power number was established as ( (Fig. 3) . The same fluid was measured with HR-impeller giving values of torque corresponding to preset values of rotational speed ( Table 1 ). The power number was calculated (Eq. 3) and with K p (Eq. 5) the Reynolds number was calculated. From the Reynolds number the process viscosity was obtained using Eq. 4. The plot of process viscosity versus speed m p = f(N) was constructed as well as the viscosity versus shear rate plot m = f(g · ). The distance m p = f(N) needs to be moved horizontally to overlap m = f(g · ) equals k' in Eq. 1. The Metzner-Otto-parameters calculated from the experimental values of speed and torque for the non-Newtonian fluids vary between 4 and 14.5 (Fig. 5) .
If the products are divided into groups based on their main contents the results look slightly different. The products in which starch is a component have values of k' around 11.5 (Fig. 6 ). For these products a higher value of n seems to generate lower value of k'. However, only three of the analysed products show flow behaviour index higher than 0.65, which are too few to draw any general conclusions. For all but one of the tomato products and the products based on fruit and vegetables k' values lower than the average were obtained (Fig. 7) . The highest values of k' in the tomato group was obtained from the tomato products which contained added starch. It is however unknown if any of the other tomato products contained added starch, as it was not included in the declaration of contents. Also for tomato, fruit and vegetables products a higher value of n seemed to generate a lower value of k'.
The results in this study contradict the results obtained by others as no clear dependence on k' by the flow behaviour index could be found. From the experimental results in this study the Metzner-Otto parameter seems neither to be dependent upon the flow behaviour index nor does it seem to be constant. If anything, the fluid's structure and composition seem to affect the parameter. The study of the possible particle concentration in the fluid showed that the helical ribbon impeller could handle concentrations up to about 40 wt%. As the fluids could not be measured with a standard geometry the average k' of 11,5 was used for calculations of shear rate and viscosity. The results showed that the values of the power law parameters K and n at low particle concentrations were not much different from the values obtained for the solution without particles. At higher concentrations, above 20 wt%, the difference became greater (Figs. 8 and 9 ).
CONCLUSIONS
Despite the uncertainty in the k' the helical ribbon impeller can be used for rheological studies of particle suspensions. For fluids with particles, which have to be removed prior to measurement with standard geometries, the viscosity obtained with the helical ribbon impeller might predict the power law parameters K and n more accurate than the viscosity obtained from the fluids from which the particles have been removed. 
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